Background: Biosurfactants are natural surface-active compounds produced by a variety of microorganisms. The high cost of culture media limits the large-scale production and use of biosurfactants. It is therefore necessary to develop an efficient and cost-effective bioprocess to improve the yield of biosurfactants from microorganisms. In this study, the response surface method was used to optimize the production of biosurfactants by a Lactobacillus strain and the antimicrobial activity of the biosurfactants was assessed.
Background
Microbial surfactants or biosurfactants are surface-active amphiphilic compounds produced by several microorganisms (Ghribi and Ellouze-Chaabouni 2011) . They occur in nature as a diverse group of molecules comprising glycolipids, lipopeptides, fatty acids, neutral lipids, phospholipids, polymeric and particulate biosurfactants (Xu et al. 2011) . Biosurfactants currently attract considerable attention due to their applications in many industrial fields as substitutes for synthetic surfactants. They are known for their biodegradability and low toxicity and their stability to temperature, pH and ionic strength (Xu et al. 2011; Satpute et al. 2016) . Additionally, biosurfactants are more effective, selective, environmentally friendly and stable than synthetic surfactants (Banat et al. 2000) .
Bacteria belonging to the genus Lactobacillus were reported to produce biosurfactants with good antimicrobial activity (Sambanthamoorthy et al. 2014; Gudiña et al. 2015; Mouafo et al. 2018) . However, despite the advantages and potential application of these biological compounds, they cannot compete with chemically synthesized compounds due to their high production cost and low production yield (Moussa et al. 2014) . The production yield depends on the substrates, which represent about 50% of the final production cost (Makkar et al. 2011) . There is therefore a need to develop an efficient and cost-effective bioprocess for the production of biosurfactants. Hence, research has been focused on the development of novel production strategies such as the formulation of the production media using low-cost substrates and development of innovative production approaches (Freitas de Oliveira et al. 2013) . Moreover, the principal problem associated with culture medium is to find substrates with the right balance of nutrients which will support optimum bacterial growth and consequently increase the yield of biosurfactant production (Makkar and Cameotra 2002) . Microorganism growth, as well as accumulation of by-products of metabolism like biosurfactants, is influenced by many factors including cell physiology, the nature of constituents in the medium such as carbon and nitrogen sources, inorganic salts and growth factors (Li et al. 2002) . Similarly, environmental factors and growth conditions such as temperature, pH, agitation speed and oxygen availability also affect the yield and activity of the biosurfactants (Desai and Banat 1997) .
The use of statistical models to optimize culture medium components and conditions in present-day biotechnology research is gaining importance due to their applicability and aptness. The conventional method of optimization involves varying one parameter at a time while keeping the others constant. However, this method often does not bring out the effect of interactions between different parameters, as opposed to factorial design (Griffin et al. 1992) . One of the most accepted methodologies used for optimizing medium composition is response surface methodology (RSM), which is widely used for optimization of the process parameters. This statistical technique has been successfully used to optimize medium composition for the synthesis of metabolites and biodegradation processes (Najafi et al. 2011; Huang et al. 2013; Salar et al. 2016) . The objective of the present work was to optimize biosurfactant production by a lactobacilli strain using sugar cane molasses as a low-cost substrate in batch fermentation by response surface methodology and to evaluate its antimicrobial properties against foodborne pathogens.
Methods

Materials
Sugar cane molasses used in this study was procured from SOSUCAM (Cameroon Sugar Society). The pathogens used for antimicrobial tests (Pseudomonas aeruginosa PSB2, Pseudomonas putida PSJ1, Salmonella sp. SL2, Escherichia coli MTCC 118, Bacillus sp. BC1 and Staphylococcus aureus STP1) were provided by the laboratory of Food Microbiology and Biotechnology of the National School of Agro-Industrial Sciences of the University of Ngaoundere (Cameroon) and the strain E. coli MTCC 118 was provided by the Department of Microbiology and Fermentation Technology of CSIR-Central Food Technological Research Institute, Mysore (India). Culture media from LiofilChem (Italia) were used in this study.
Identification of the biosurfactant-producing strain
The biosurfactant-producing strain was isolated from fermented cow milk "pendidam" sold in Ngaoundéré (Cameroon) and identified as bacteria belonging to the genus Lactobacillus after biochemical characterization (Mbawala et al. 2013) . The microscopic analysis of the culture was done using an LEO scanning electron microscope (LEO 435 VP Scanning Electron Microscope, UK) according to the method of Song et al. (2010) . For molecular identification, the strain's genomic DNA was extracted using a NucleoSpin ® Microbial DNA kit according to the manufacturer's instructions (http:// www.mn-net.com/tabid /12621 /defau lt.aspx). The universal primers 27F (5′-AGA GTT TGATCMTGG CTC AG-3′) and 1492R (5′-GGT TAC CTT GTT ACG ACT T-3′) were used in polymerase chain reaction (PCR) to amplify the 16S rRNA gene. The PCR products were purified and sequenced at Sakhala Enterprises (Bangalore, India). The sequences were merged with BioEdit (version 7.0.5.3), and BLAST searched by comparison to known sequences in the National Center for Biotechnology Information (NCBI) GenBank database. A query sequence similarity higher than 98% was used for bacterial identification at the taxonomic level (Guo et al. 2010) . The sequences of closely related strains were aligned with the MUSCLE program. The neighbour-joining method was used to construct the phylogenetic tree with MEGA 7 (Kumar et al. 2016) . The statistical evaluation of the tree was performed with 1500 bootstrap replicates (Saitou and Nei 1987) . Lactococcus lactis subsp. lactis CF112 was used as an out-group microorganism.
Biosurfactant production
For biosurfactant production, the Lactobacillus strain was inoculated in 1 L of broth containing (g/L): KH 2 PO 4 -0.4, NaCl-0.1, MgSO 4 7H 2 O-0.1 and CaCl 2 -0.02, and 1 mL of trace elements solution (mg/100 mL: CuSO 4 .5H 2 O-0.5, H 3 BO 3 -1.0, MnSO 4 .5H 2 O-1.0, ZnSO 4 -0.7 and MoO 3 -1.0). Peptone, yeast extract, sugar cane molasses and K 2 HPO 4 at different concentrations based on preliminary studies were also added (Table 1) . Broth pH was adjusted to 6.70 before sterilization. At the end of the fermentation, the culture was centrifuged at 7000 rpm and 4 °C for 20 min (Biofuge Primo R, Thermo Scientific, USA) to remove bacterial cells. The cell-free supernatant was filtered (0.22 µm; Millipore, Germany) and stored for tests.
Experimental design and statistical analysis
Identification of significant nutrient components and culture conditions
The effect of culture conditions such as temperature, incubation time, agitation speed, inoculum, sugar cane molasses, peptone, yeast extract and K 2 HPO 4 on biosurfactant production was evaluated using a PlackettBurman statistical design. This design is a fraction of a two-level factorial design which allows the investigation of n − 1 variables with n experiments. It assumes that there are no interactions between the different factors (Kammoun et al. 2008) . A total of 15 experiments were conducted with three dummy variables. The three dummy variables were carried out to provide an adequate estimate of the error. All the trials were performed in triplicate. The domain of variation of the eight factors (cultural conditions) defined by preliminary tests and the experimental matrix of the different trials are presented in Table 1 . The Plackett-Burman experimental design used was based on the first-order model equation:
where Y is the response (surface tension, antimicrobial activity, and yield of biosurfactants), b 0 is the model
intercept and b i is the variables estimated. The main effect of factors was calculated as the difference between the average of measurements made at the high-level setting (+ 1) and the average of measurements observed at the low-level setting (− 1) of each factor (Kammoun et al. 2008) . 
Optimization of culture conditions using a central composite design
In order to determine the optimal conditions for biosurfactant production, a central composite design was adopted, consisting of a complete 2 k factorial design (k being the number of test variables), 2*k star points and six replicates at the central point. The axial distance α was chosen to be α = 2 k/4 to have satisfactory orthogonality and make the design rotatable. Six centre points were chosen to estimate the experimental error of the method, and the experimental design is given in Table 3 . Experiments were randomized to minimize the effect of unexplained variability on the observed responses due to extraneous factors. Each factor in the design was assessed at five levels (− α, − 1, 0, + 1 and + α). For each experiment, the responses (yield of biosurfactant, antimicrobial activity and surface tension) were evaluated in triplicate, and the average was used to calculate the coefficient. These coefficients were related to the coded factors by a second-order polynomial model using the equation below:
where Y refers to the predicted response, X i and X j to the independent coded variables, β 0 to the offset term, β i to the coefficient of the linear terms, β ii to the coefficient of the quadratic terms and β ij to the coefficient of the interaction terms.
The statistical software STAT GRA PHICS Centurion and Minitab 16 (Minitab Inc.) were used to conduct a regression analysis on the experimental data, and the statistical software SigmaPlot 12 version 12.5.0.38 (Systat Software, Inc.) was used to plot the response surface graphs. The statistical significance of the model parameters (p < 0.05) was checked by analysis of variance (ANOVA) for each response. The model adequacies were checked by the coefficient of determination R 2 , adjusted-R 2 (adj-R 2 ), the absolute average deviation (AAD), the (2) accuracy factor (A f ), the bias factor (B f ) and lack-offit test. The model was considered to be valid where R 2 ≥ 80%, 0 < AAD < 0.3, 0.75 < A f < 1.25 and 0.75 < B f < 1.25 (Bas and Boyaci 2007) .
Optimization procedure and validation of models
The polynomial second-order equations which related the independent factors to the responses were computed graphically to determine the workable optimum conditions. The desired goals for each response variable were chosen as maximized while keeping all the factors within range. A multi-response optimization based on desirability method was applied to find the best combination of the factors that would result in maximizing the yield and antimicrobial activity of biosurfactant while minimizing its surface activity. The adequacy of response surface models for predicting the optimum response values was verified by conducting experiments in triplicate under the recommended optimum conditions, and both predicted and experimental values of the responses were compared using a t test.
Surface tension measurement
The surface tension of supernatants was determined by the ring method of Devesa-Rey et al. (2011) . The ring (3 cm of diameter) of a tensiometer (3B Scientific ® product U20030, USA) was placed just below the surface of the supernatant solutions. Subsequently, the force required to move this ring from the liquid phase to the air phase was measured and used for calculating the surface tension. The measurements were carried out in triplicate, and distilled water was used as a control.
Extraction of biosurfactant
The biosurfactants were extracted from the cell-free supernatant using the solvent method described by Fracchia et al. (2010) . The cell-free supernatant was acidified to pH 2.0 with 6 N HCl, stored overnight at 4 °C and extracted three times with ethyl acetate/methanol (4:1). The organic fraction was evaporated to dryness under vacuum condition in a rotavapor (Heidolph VV60), and
acetone was added to recover the raw biosurfactants. The acetone was evaporated, and the biosurfactants were dissolved in methanol, centrifuged (13,000g, 4 °C, 10 min), filtered (0.22 µm) and evaporated to dryness under nitrogen. The biosurfactants recovered were stored at room temperature for analysis.
Characterization of biosurfactant
Elemental composition
The biosurfactants was analyzed for their elemental composition (% C, H, N, O, S) using a Vario EL III (Elementar, Germany) elemental analyzer. Approximately 3 mg of biosurfactant was encapsulated in a tin aluminium capsule and pyrolyzed in a furnace at 1100 °C with pure oxygen under static condition. The oxidized products were reduced, and the percentages of C, H, N and S were registered by the integrator connected to the analyzer. The oxygen percentage of samples was calculated from the difference of C, H, N and S, and sulphanilic acid was used as internal standard (Telmo et al. 2010) .
Biochemical composition
The total protein content of biosurfactant was estimated using the Kjeldahl method (AACC 1999), the total sugar content with the phenol-sulfuric method (Dubois et al. 1956 ) and the total lipid content according to the protocol described by Lobna and Ahmed (2013) .
Fourier transmission infrared spectroscopy (FTIR)
The functional groups of the biosurfactant were identified with an FTIR spectrometer (Tensor II, IFS 25, Bruker Germany) using the attenuated total reflectance (ATR) system. 1 mg of biosurfactants was placed on the ATR crystal and scanned at a resolution of 2 cm −1 over the range of 400-4000 cm −1 . The ATR spectra obtained were collected with a DTGS detector.
Antimicrobial activity
The antimicrobial activity of the biosurfactant was tested against Pseudomonas putida PSJ1, a strain isolated from ground beef marketed in Ngaoundéré (Cameroon). From the frozen stock, the strain was sub-cultured twice in trypticase soy broth (TSB, LiofilChem, Italy) at 37 °C for 24 h. For the antimicrobial test, the agar well diffusion method was used following the protocol described by Topisirovic et al. (2006) . Prior to analysis, cell-free supernatants were treated with catalase (catalase 2.0 U/mg in phosphate buffer 10 mM, pH 7), proteinase K (50 UI/mL in phosphate buffer 50 mM, pH 6.5) and neutralized to pH 7.0 with 0.1 N NaOH. 100 µL of P. putida PSJ1 suspension (10 6 CFU/mL) of 18 h was inoculated into Petri dishes containing 20 mL of sterile Mueller-Hinton agar (MH, LiofilChem, Italy). The inoculated plates were left for 1 h in the laminar hood to allow the suspension to solidify. Wells of 6 mm diameter were filled with 25 µL of the biosurfactant. The Petri dishes were stored at 4 °C for 4 h before incubating at 37 °C for 24 h. After incubation, the diameter of the inhibition zone was measured. Each test was carried out in triplicate.
Determination of minimum inhibitory concentration (MIC)
The antimicrobial activity of biosurfactants against Pseudomonas aeruginosa PSB2, Pseudomonas putida PSJ1, Salmonella sp. SL2, E. coli MTCC 118, Bacillus sp. BC1 and Staphylococcus aureus STP1 was quantified using the method of Gudiña et al. (2011) with slight modifications. The test tubes containing 4 mL of sterile TSB were inoculated with 0.5 mL of overnight bacterial culture (10 8 CFU/ mL). Biosurfactant at different concentrations (from 0.10 to 100.0 mg/mL) was taken in sterile phosphate buffered saline (pH 7.0) and added to the test tubes containing different bacterial pathogens. The final volume in each test tube was adjusted to 5 mL with TSB. A test tube without bacterial strain and a test tube without biosurfactant were also prepared and used as negative and growth controls, respectively. Tubes were incubated for 24 h at 37 °C. After incubation, the absorbance at 600 nm of each tube was measured using a spectrophotometer (UV-1800, Shimadzu, USA). MIC was determined for each strain as the lowest concentration of biosurfactant that completely inhibited measurable growth (A 600 = 0).
Determination of minimum bactericidal concentration (MBC)
MBC was established in liquid media and further confirmed in solid media. In liquid media, 100 µL of the culture fluid which was used for MIC (A 600 = 0) was transferred into a test tube containing 5 mL of sterile TSB and incubated for 24 h at 37 °C. Afterwards, the absorbance of each tube at 600 nm was measured. In solid media, 100 µL of the culture fluid which was used for MIC (A 600 = 0) was plated in specific culture media of each pathogenic strain followed by incubation at 37 °C for 24 h. The lowest concentration of biosurfactant that did not allow growth both in solid and liquid media was considered to be the MBC.
Scanning electron microscope (SEM) analysis
The effect of biosurfactant on bacterial cell morphology was assessed according to the protocol described by Sambanthamoorthy et al. (2014) with slight modifications. Briefly, E. coli MTCC 118 was cultured for 18 h at 37 °C in 1.5 mL of Luria-Bertani broth (LB, HiMedia, India). The culture was then centrifuged (10,000g, 4 °C, 5 min). The cells were washed with phosphate buffer 0.1 M (pH 7.2), resuspended in 1 mL biosurfactant solution (1 × MBC) in phosphate buffer 0.1 M and incubated at 37 °C for 12 h. Non-treated cells were used as the control. After incubation, cells were collected by centrifugation, washed twice with phosphate buffer 0.1 M and fixed at 4 °C for 24 h with 1 mL of glutaraldehyde 3%. Subsequently, cells were washed twice and dehydrated for 10 min with a series of graded absolute ethanol (30, 50, 70, 80, 90, 95%) . The dehydrated cells were suspended in absolute ethanol and subjected to SEM analysis (LEO 435 VP Scanning Electron Microscope, UK).
Results and discussion
Identification of the biosurfactant-producing strain
The morphological examination of the strain Lactobacillus sp. N2 under SEM analysis showed that it consists of rod-shaped cells with lengths ranging between 0.8 and 2 µm. They appeared singly or in pairs. Similar morphological properties were reported by Dellaglio and Dicks (1991) regarding the description of lactobacilli strains belonging to the species L. paracasei. After comparing the 16S rRNA sequence of the strain N2 with those deposited in the NCBI GenBank database through nucleotide BLAST analysis, the strain showed 100% similarity to L. paracasei subsp. tolerans H, a strain isolated by Hamzehlou et al. (2018) (unpublished data, accession number: MG818769). The biosurfactant-producing strain isolated from a traditional fermented milk "pendidam" in Ngaoundéré (Cameroon) was designated L. paracasei subsp. tolerans N2 and deposited in GenBank under accession number MH142620. Strains of L. paracasei species isolated from the Portuguese dairy industry have been reported to produce biosurfactants (Gudiña et al. 2010 ).
Identification of significant nutrient components and culture conditions
The different values of responses assessed are presented in Table 1 . The multilinear regression analysis of each response obtained the estimations of the model coefficients and respective equations, as follows:
where Y 1 = inhibition diameter against Pseudomonas putida PSJ1, Y 2 = surface tension, Y 3 = yield of biosurfactants, X 1 = temperature, X 2 = time, X 3 = agitation speed, X 4 = inoculum concentration, X 5 = sugar cane molasses concentration, X 6 = peptone concentration, X 7 = yeast extract concentration and X 8 = K 2 HPO 4 concentration. The values of R 2 and adj-R 2 of each model were higher than 80% (Table 2) . This means that all these models can be used to explain the observed phenomena. It also indicates a good adjustment of these regression models to the experimental data. Moreover, the non-significant values of lack-of-fit obtained for the different models also confirmed this observation. Therefore, sugar cane molasses concentration, peptone concentration and temperature were retained for further optimization using a central composite design.
Optimization of biosurfactant production
Model fitting
The experimental values of each response are presented in Table 3 . They show stochastic variations in the responses measured, suggesting the effects of the various culture components and culture conditions on microbial activities. The multilinear regression analysis of each response obtained the estimations of the model coefficients and respective equations as follows:
(10)
where Y 1 represents the yield of biosurfactants, Y 2 the surface tension, Y 3 the inhibition diameter, X 1 the peptone concentration, X 2 the temperature and X 3 the molasses concentration. The values of the different elements used to assess the models' adequacy are given in Table 4 . R 2 and adj-R 2 were found to be higher than 93%. The results indicate that more than 93% of variabilities in the respective responses could be explained by these models. These results are in accordance with those of Sayyad et al. (2007) who reported that a model would better explain the variability between the experimental and the model predicted values when the R 2 value is closer to 100%. The non-significance of the lack-of-fit test (Table 4 ) also showed the strength of the model for the experimental data. The others elements such as AAD, A f, and B f obtained in this study were in the range reported by Bas and Boyaci (2007) , thus confirming the satisfactory fit of the regression models to the experimental data.
Effect of culture conditions on the production of biosurfactant
Temperature, molasses concentration and peptone concentration were the main significant factors that greatly affected the growth and production of biosurfactant by lactobacilli. The interactive effects of these (11) variables on the system's responses were investigated by plotting three-dimensional curves of the response against any two of the variables. The remaining variable was kept at its central value. Response surface plots were used as they allow an easy interpretation of experimental results and prediction of optimal conditions. Figure 1a -c shows that the yield and activities of biosurfactant increase progressively as temperature and molasses concentration increase. The positive and significant effect of the temperature on yield and antibacterial activity with its negative and significant effect on surface tension reduction also show that an increase in temperature stimulates the production of biosurfactant by L. paracasei N2.
The maximum yield and biosurfactant activities were observed at temperatures ranging from 33 to 34 °C and molasses concentrations from 5.49 to 6.35% (w/v). This result shows that temperature range 33-34 °C is required by the strain L. paracasei N2 to efficiently utilize peptone and molasses to produce a maximum yield of biosurfactant with high antimicrobial and surface activities. However, outside this temperature range, a decrease in yield and activities of biosurfactant produced by L. paracasei N2 was observed. This inhibition can be observed firstly with the negative and significant (p < 0.05) effect of the quadratic term of temperature on yield and antimicrobial activity of biosurfactant and secondly by the positive and significant (p < 0.05) effect of temperature on the reduction of surface tension. The inhibition of biosurfactant production at high temperature may be because each microorganism has an optimal temperature for cell growth and the metabolic activities varied accordingly for biosurfactant production. An increase in temperature may have led to the inhibition of cell growth and indirectly the production of biosurfactant. Rodrigues et al. (2006a) showed in their study that among Lactobacillus strains the production of biosurfactants by L. pentosus occurred mainly at 31 °C whereas, for other lactobacilli strains, it occurred at 37 °C. The response surface plot of Fig. 1d-f shows the effect of peptone concentration and temperature on the yield and activity of biosurfactants produced by L. paracasei N2. It can be seen from Fig. 1 that increase in peptone concentration up to 6 g/L and temperature from 30 to 35 °C stimulates the production of biosurfactant. The linear coefficients of peptone concentration on the yield, antimicrobial activity and surface tension reduction of biosurfactants also show the positive effect of increased peptone concentration on production of biosurfactant by L. paracasei N2. The maximum yield and biosurfactant activities were observed at a peptone concentration of 6 g/L in the culture medium. The results of this study are in accordance with those reported by Rodrigues et al. (2006a) . They found that the optimum medium composition for biosurfactant production from S. thermophilus A was at a peptone concentration of 5.0 g/L and that, below this concentration, the yield of biosurfactant was low, as observed in the present study. However, in the present study, when the peptone concentration was more than 6 g/L and temperature above 35 °C, a decrease in the yield and activities of biosurfactant was observed. The negative and significant (p < 0.05) effect of the quadratic term of peptone concentration on yield and antimicrobial activity of biosurfactant as well as its positive and significant (p < 0.05) effect on the reduction of surface tension confirm the decline in yield and activity of biosurfactant (Table 4 ). The inhibiting effect of high concentration of peptone may be explained by the retroinhibition effect of glutamine on glutamine synthetase, an enzyme involved in the metabolism of biosurfactants. Studies have indicated a direct relationship between increased glutamine synthetase activity and enhanced biosurfactant production in Pseudomonas aeruginosa grown in nitrate and proteose peptone media (Mulligan and Gibbs 1989) . The nitrogen source is an important key to the regulation of biosurfactant production (Burkovski 2003) . It represents a fundamental macronutrient for cellular metabolism. When the medium is nitrogen-limited, the protein synthesis is blocked and the cellular metabolism is switched to carbohydrate synthesis, and hence biosurfactant production is enhanced (Mulligan and Gibbs 1989) . Conversely, an excess of nitrogen source, as observed in this study with increasing peptone concentration, leads to a decrease in the biosurfactant synthesis, driving the metabolism towards cell growth (Abalos et al. 2002) .
As observed earlier, for temperature and peptone concentration or for temperature and molasses concentration, response surface plots of the interactive effect of molasses and peptone concentrations (data not shown) also showed that biosurfactant yield and activity increased with the increase in molasses and peptone concentrations up to the maximum yield and activity at a molasses concentration of 5.49-6.35% (w/v) and peptone concentration of 5.5-6.5 g/L. This observation was confirmed by the linear coefficients of molasses concentration on the yield, antimicrobial activity and surface tension reduction of biosurfactant produced by L. paracasei N2 (Table 4) . Molasses has been reported as a lowcost substrate for enhancing biosurfactant production by Bacillus spp. (Saimmai et al. 2011) , Lactococcus lactis 53 and Streptococcus thermophilus A (Rodrigues et al. 2006b ). The principal reason for the widespread use of molasses as a substrate is its low cost compared to other conventional sugar sources like sucrose or glucose, and also its high total sugar content, mainly sucrose, and its content of minerals, organic compounds and vitamins, which are valuable for the fermentation process as it is a by-product of the processing of sugar-rich crops (Saimmai et al. 2011) . The response surface plots show that at high concentration of molasses, the yield and activities of the biosurfactant decrease. The coefficient of the quadratic term of molasses concentration shows its significant (p < 0.05) inhibiting effect on yield, antimicrobial activity and surface tension reduction of biosurfactant. The decrease in biosurfactant yield and activities may be due to the high concentration of salts in the molasses that may have raised osmotic pressure above acceptable levels, thus reducing the cell viability and suppressing the biosurfactant production (Doelle and Doelle 1990) . Similar results were reported in the literature by Wei et al. (2005) , who found that biosurfactant production initially increased with increasing molasses concentration until it reached a maximum value and then levelled off or decreased.
Validation of the models
The optimum conditions for each response evaluated are given in Table 5a . Based on the response surface plots of yield, the optimal concentrations of peptone and molasses and the optimal temperature were identified as 5.97 g/L, 6.28% (w/v) and 34 °C, respectively. The corresponding experiment performed under these conditions resulted in a biosurfactant concentration of 2.70 g/L, while the predicted value was 2.60 g/L. This confirms the closeness of the model to the experimental results. The optimal conditions for surface tension reduction were peptone concentration of 6.09 g/L, molasses concentration of 6.35% (w/v) and temperature of 33 °C. The surface activity of biosurfactant produced was about 37.02 ± 1.50 mN/m, while the predicted value was 36.65 mN/m. For the antimicrobial activity, the optimal conditions were peptone concentration of 6.51 g/L, molasses concentration of 5.49% (w/v) and temperature of 33 °C. The antimicrobial activity of biosurfactant produced expressed as inhibition diameter was about 63.89 ± 2.10 mm while the predicted value was 62.07 mm. These results also confirm the closeness of the model to the experimental results.
In order to determine optimal conditions for higher yield, antimicrobial activity and surface tension of biosurfactant produced by L. paracasei N2, a multi-response optimization methodology was carried out. In this analysis, molasses concentration was set at a constant level; peptone concentration and temperature were set within range. For surface activity, the response was set at minimum, since the desirable optimum is the combination of the independent variables that will give the maximum reduction in surface tension, while for yield and antimicrobial activity the responses were set as maximal. The desirability function was used in the multi-response optimization process. It is defined as a transformation of variables to a scale of values ranging from 0 (i.e., at least one goal was unachievable) to 1 (i.e., all goals were easily met). As the response approaches the set criteria, the desirability value becomes closer to 1. Solutions that matched the set criteria (high yield and antimicrobial activity, and low surface tension) were sought and listed using the statistical software STAT GRA PHICS Centurion XVI. The optimum point with the maximum desirability function of 0.9 was selected. Hence, the predicted optimum condition for the maximum surface tension reduction of 36.67 mN/m, yield of 2.60 g/L and antimicrobial activity of 61.92 mm (expressed as inhibition diameter) was found to be at a molasses concentration of 5.95% (w/v), a peptone concentration of 6.20 g/L and a temperature of 33.13 °C.
The adequacy of the model equations for predicting the response values was tested by comparing the experimental and predicted values at optimum conditions. It can be seen from Table 5b that there is no significant difference (p < 0.05) between the experimental and the predicted values.
Partial characterization of biosurfactant
Elemental analysis revealed that the biosurfactant produced by L. paracasei N2 contained 44.347 ± 0.007% of carbon, 6.590 ± 0.014% of hydrogen, 7.150 ± 0.014% of nitrogen, 0.805 ± 0.006% of sulphur and 40.810 ± 0.028% of oxygen. Results of the chemical analysis show that the biosurfactant produced was mainly composed of proteins (63.64 ± 0.24 g/100 gDM) and sugars (35.26 ± 1.10 g/100 gDM). This result is in accordance with the elemental analysis, in which a high proportion of nitrogen and oxygen were observed. A lesser amount of lipid was found (1.10 ± 0.70 g/100 gDM) and hence the biosurfactant produced could be a glycolipoprotein. Vecino et al. (2015) also reported the production of a glycolipoprotein biosurfactant by L. pentosus.
In order to confirm the glycolipoprotein nature of the biosurfactant observed in this study, FTIR analysis was carried out (Fig. 2) . The peaks observed at 2962 cm −1 assigned to the symmetric stretch (C-H) of -CH 2 and -CH 3 groups of aliphatic chains, and the peaks at 1402 cm −1 assigned to CH 2 -CH 3 stretching vibrations indicated the presence of aliphatic chains in the structure of the biosurfactant. This observation is in line with the previous results reported by Dehghan-Noude et al. (2005) . Peaks corresponding to O-H and N-H stretching were observed at 3206 and 3053 cm −1 , respectively, which is similar to the report of Gudiña et al. (2015) . The peak observed at 1565 cm −1 resulting from the deformation mode of the N-H bond combined with C-N stretching mode (amide II band) could be indicative of the presence of peptide components. Similar peaks were reported in the literature for lactobacilli-derived biosurfactant (Sharma et al. 2015) . These peaks confirm the presence of proteins in the composition of the biosurfactants. The presence of sugars in the composition of the biosurfactants was confirmed by the peaks observed at 1121 and 1083 cm −1 corresponding to C-O stretching bands formed between carbon atoms and hydroxyl groups. The peak corresponding to C-O stretching of sugars was also observed with biosurfactant produced by L. agilis CCUG31450 (Gudiña et al. 2015) . Moreover, the peak at 1042 cm −1 corresponding to the PII polysaccharide band that is characteristic of bond vibrations in the C-O-C group indicates the presence of polysaccharides in the biosurfactant produced by L. paracasei N2. Similar results were reported by Sharma and Singh Saharan (2014) . Peaks at 742 and 773 cm −1 correspond to the bending vibration of a -CH 2 group. Thus, based on these results it can be concluded that the biosurfactant produced by the strain L. paracasei N2 using molasses as a carbon source is a glycolipoprotein in nature.
Antimicrobial activity of biosurfactant
The antimicrobial activity of biosurfactant produced by L. paracasei N2 using molasses as substrate was quantified through the determination of its MIC and MBC against several pathogenic or spoilage microorganisms. Regarding MIC, all the tested pathogens were sensitive to biosurfactant, with MIC values ranging from 3.2 to 12.8 mg/ mL (Table 6 ). Gram-positive bacteria S. aureus STP1 and Bacillus sp. BC1 were more sensitive to biosurfactants (MIC = 3.2 mg/mL). The MIC values observed in this study were compared to those reported in the literature with other lactobacilli biosurfactants, and the details are given in Table 7 . The nature and chemical composition of biosurfactants depend on the biosurfactant-producing strain and the substrate used for production, which could explain the variability in MIC among different lactobacilli strains.
The MBC required to kill 99.99% of bacterial strains was found to be between 6.4 and 50 mg/mL (Table 6 ). This bactericidal activity of biosurfactants is due to their ability to alter elements of cellular structures such as cell wall and membrane (Inès and Dhouha 2015) . In order to check this, the SEM analysis was performed using E. coli MTCC 118. The untreated cells presented a very smooth cell surface, with intact normal morphology (Fig. 3) . Cells treated with biosurfactants showed damage on their surface and had lost their cell shape integrity. They appeared distorted and collapsed due to disruption in the bacterial cell wall, which represents the cross-linked structure that gives cells shape, strength and osmotic stability. (Zengin and Baysal 2014) . This result suggested that bacterial cell walls and outer membranes are the most likely targets of biosurfactants. Sambanthamoorthy et al. (2014) also reported that cell membranes of A. baumannii and S. aureus were the target of biosurfactants produced by L. jensenii and L. rhamnosus.
The potential of the biosurfactant produced in this study by L. paracasei using molasses as substrate was compared with previous reports on lactobacilli biosurfactants. Based on data in Table 7 , it can be concluded that with the conventional synthetic media (MRS broth), the yield of biosurfactants was low. The yield of biosurfactants was high when a low-cost substrate like molasses was used. The chemical nature of biosurfactants observed in the present study is in accordance with cited reports and the antimicrobial activity of biosurfactants varies with the producing strain and the substrate used. Although biosurfactants from different lactobacilli seem to have similar chemical natures after FTIR analysis, their MIC values were found to be different.
Conclusions
In the present study, the application of Plackett-Burman design revealed that temperature and peptone and sugar cane molasses concentrations were the main significant factors affecting biosurfactant production by L. paracasei subsp. tolerans N2. The optimization of biosurfactant production using a central composite design through response surface methodology led to an improvement in the production yield (2.70 g/L) to a value four times higher than that before optimization (0.75 g/L). To the best of our knowledge, this is the first report on biosurfactant produced by L. paracasei species with the highest yield. Partial characterization of the biosurfactants revealed that they are glycolipoprotein in nature. The biosurfactant exhibited bactericidal activity against several Gram-positive and Gram-negative pathogens, with bacterial cell walls and membranes as the most likely target. The results of this study suggested sugar cane molasses as a low-cost substrate which can be used to enhance large-scale production of biosurfactant by L. paracasei N2, and the optimization procedure adopted in this study was found to improve the biosurfactant production. As 
